A detailed analysis of Herschel-PACS observations at the North Ecliptic Pole is presented. High quality maps, covering an area of 0.44 square degrees, are produced and then used to derive potential candidate source lists. A rigorous quality control pipeline has been used to create final legacy catalogues in the PACS Green 100 µm and Red 160 µm bands, containing 1384 and 630 sources respectively. These catalogues reach to more than twice the depth of the current archival Herschel/PACS Point Source Catalogue, detecting 400 and 270 more sources in the short and long wavelength bands respectively. Galaxy source counts are constructed that extend down to flux densities of 6mJy and 19mJy (50% completeness) in the Green 100µm and Red 160 µm bands respectively. These source counts are consistent with previously published PACS number counts in other fields across the sky. The source counts are then compared with a galaxy evolution model identifying a population of luminous infrared galaxies as responsible for the bulk of the galaxy evolution over the flux range (5-100mJy) spanned by the observed counts, contributing approximate fractions of 50% and 60% to the cosmic infrared background (CIRB) at 100 µm and 160 µm respectively.
Introduction
Multiwavelength surveys are crucial in order to fully understand the evolution of galaxies with cosmic time. Moreover, given that at least half the radiative energy from star formation over the history of the Universe has been absorbed by dust and reradiated at infrared wavelengths, creating a significant cosmic infrared background (CIRB), surveys at infrared wavelengths are a necessity. Such multi-wavelength treasure chests on the sky enjoy a vast amount of coverage across the entire electromagnetic spectrum. The North Ecliptic Pole (NEP) is one such field, initially targeted at mid-infrared wavelengths as the legacy field for galaxy evolution and cosmology for the AKARI satellite (Murakami et al. 2007; Matsuhara et al. 2006) . The AKARI NEP field consist of a pair of overlapping surveys covering a deep region of 0.54 deg.
2 , centred at RA=17 h 56 m , Dec.=66
• 37 ′ (NEP-Deep, Wada et al. 2008 ) and a shallower surrounding region covering 5.8 deg.
2 centred on the NEP itself (NEP-Wide, Lee et al. 2009 ). The NEP region provides a continuous viewing zone for most space telescopes, enjoying natural high coverage for a variety of all sky survey missions (e.g. IRAS, WISE, Planck, eRosita) and is a possible deep field candidate for future missions such as Euclid, JWST and SPICA ).
The NEP field has also been observed by ESA's Herschel Space Observatory (Pilbratt et al. 2010) , with the SPIRE instrument (Griffin et al. 2010 ) at 250, 350 and 500 µm. The SPIRE observations are described in Pearson et al. (2017) , Pearson et al. (2018), in preparation) . In this work we report on observations made with the Herschel-PACS instrument (Poglitsch et al. 2010 ) at 100µm and 160µm. PACS observations are crucial in constraining the short wavelength side of the dust emission hump in star-forming galaxies, helping to break the temperature redshift degeneracy associated with SPIRE colours (e.g. Schulz et al. 2010 ). Here we report on a detailed and careful re-reduction of the PACS observations in the NEP, in order to produce high quality maps, superior to the current archival products in the Herschel Science Archive (HSA). These maps are used to produce a list of candidate sources in both PACS bands. A dedicated quality control and cleaning pipeline is then used to produce final robust legacy galaxy catalogues.
In Section 2 the original observations are introduced, and our data reduction and analysis are explained. In Section 3, the source extraction and subsequent quality control pipeline is introduced. In Section 4, we present our results, comparing our catalogues with a subset of the archival Herschel/PACS Point Source Catalogue (HPPSC, Marton et al. 2017) . We produce new galaxy source counts in the NEP region at 100 and 160µm, comparing them with PACS observations in other cosmology legacy fields. We then use a contemporary galaxy evolution model to interpret the source counts, discussing the relative contribution of the dusty galaxy populations. A summary is given in Section 5. Throughout this work a concordance cosmology of H0 = 70 km s −1 Mpc −1 , ΩM = 0.3 and ΩΛ = 0.7 is assumed. 
Observations and Data Analysis

Observations
The NEP region was observed with Herschel as an Open Time 2 programme (OT2 sserje01 2) with both the SPIRE and PACS instruments. The data reduction and analysis for the SPIRE observations is reported in Pearson et al. 2018, in Figure 1 shows the PACS AORs overlaid on the AKARI NEP survey image at 15 µm. The PACS observations cover approximately 0.44 square degrees overlapping with the majority of the AKARI NEP-Deep survey.
Data Reduction
The Herschel Science Archive (HSA) was searched for the PACS observations at the NEP. The HSA contains final processed archival co-added maps of all available observations provided by the instrument teams. PACS mapping data are available as 3 separate science products: the Level 2 maps, created from individual scanning observations in either the nominal or orthogonal direction; the Level 2.5 products consisting of combined nominal/orthogonal cross linked scans; Level 3 products consisting of stacked maps for all observations for a given programme at the same position on the sky. The PACS Instrument Control Centre (ICC) recommend the Level 3 products for the best signal-to-noise. In addition, the PACS ICC provides maps created by a variety of map making pipelines. The standard pipeline High Pass Filtered maps are available for the Level 2 and Level 2.5 products. However, it has been shown by Popesso et al. (2012) , that the high pass filtering can cause a loss in flux density for faint sources of as much as 20-30% as well as propagating zeros for the associated error maps. Additional map products at the Level 2.5 and Level 3 stages are provided by the JScanam (Roussel 2013 ) and the Unimap (Piazzo et al. 2015) algorithms.
Unfortunately, both the JScanam and Unimap Level 3 PACS archive maps for our NEP observations, shown in Figure 2 , are of poor quality and scientifically unusable. Note that from Operational Day 1375 onwards, half of the red channel array was lost, and masked out automatically in the pipeline processing, however, this is unrelated to our issue since the archival maps for both the red and green PACS channels were affected. Therefore, we have examined the individual archive entries in order to identify and reject any anomalous observations responsible for the final poor map products. We find that a pair of (nominal/orthogonal) observations on Operational Day 1442 (obsids 1342270748, 1342270749) exhibit very poor quality in the Level 2.5 products. Looking deeper into the Level 2 maps we find bad quality maps for obsid 1342270749 in particular. There are no quality flags raised on the archival data, nor were there any cooler-recycle operations on this day, however we note that the following unrelated PACS observations (1342270750,1342270751) are listed as ′ FAILED ′ . In addition to the problems found above, we also find striping in the Unimap green band observations for obsid 1342270906.
To produce science quality maps for this work, we therefore reprocessed the PACS data to Level 3 using the Herschel Common Science System, Herschel Interactive Processing Environment (HIPE, Ott 2011 , Ott 2013 . The data were re-processed with HIPE version 14.2, omitting the problematic observations, with the Standard Product Generation (SPG) pipeline to Level 3, using the PACS Calibration Tree version 77. Final Level 2.5 and Level 3 maps (with over-sampling flag set to False), were produced for both the JScanam and Unimap algorithms. From visual inspection of the maps and considerations following from the source extraction (see Section 3), the final selected products were the Level 3 JScanam maps for both the PACS green and red bands. The final JScanam maps are shown in the right-most panels of Figure 2 , highlighting the improved quality of the maps compared to the original archive products. JScanam and Unimap maps respectively, compared with our pipeline generated maps for the PACS Green 100µm band. Bottom-row shows archival JScanam and Unimap maps respectively, compared with our pipeline generated maps for the PACS Red 160 µm band.
Source Extraction and Photometry
Source Extraction
Sources were detected and extracted from the Level 3 maps using the HIPE SUSSEXtractor task (Savage & Oliver 2007 . In order to avoid detection of excessively large numbers of spurious sources, due to noisy edge effects and map artefacts (see right-most panels of Figure 2 ), a mask was applied to the maps covering both bright extended sources, e.g. NGC 6543, the Cat's Eye Nebula and the map edges. The mask extends approximately 60 arcsec in from each edge around the maps, corresponding to around 40 and 20 pixels for the Green 100 µm and Red 160 µm band maps respectively. SUSSEXtractor models both the source and the empty sky using a Bayesian approach to determine whether a source is present at any given position in the map. The initial image is smoothed by a point response function (PRF) with a point source candidate identified in any pixel with some local maxima, above some detection threshold parameter, compared to its neighbours, within some defined pixel region. The peak intensity within the smoothed image at the position of the point source is taken as the estimate of the flux density. Various combinations of the SUSSEXtractor parameter set described above were explored, with the final adopted parameters listed below:
• detThreshold = 3 : The threshold at which a local maximum is detected.
• pixelRegion = 3 : Radius around each pixel to consider when searching for local maxima.
• signaltoNoise = True : Use conventional S/N for detection, rather than the log(Bayes factor).
• fitBackground = True : Fits the background as a free parameter.
• roi = True : Sets a region of interest defined by the applied edge mask. Using these parameters on our masked JScanam maps, SUSSEXtractor detects a total of 3472 and 1815 candidate sources in the PACS Green 100 µm and Red 160 µm bands respectively. Note that extraction using the Unimap products yielded extremely low numbers of sources, only ∼150 in the PACS Red 160 µm band, and visual inspection of the maps shows that many sources were being missed. Therefore the JScanam maps were used in preference.
Source List Cleaning
In order to produce a final robust and reliable catalogue of sources, our candidate list has been processed through a quality control pipeline that broadly follows the procedure of Marton et al. (2017) , who have produced an archival Herschel/PACS Point Source Catalogue (HPPSC) covering the entire sky. The HPPSC is intended as a legacy data product for the Herschel mission, containing a list of conservatively selected sources from all Herschel-PACS observations in the Herschel Science Archive.
The first step in the quality control pipeline is to use the HIPE SourceF itting task to produce a confirmation of the source position provided by SUSSEXtractor. The SourceF itting task fits a 2-D Gaussian to the data within a selection box. After some consideration, a 15 ′′ ×15 ′′ selection box was chosen, with the task parameter settings; Elongated = False and Slope = False, corresponding to whether the source is elongated (or circular) and whether the background has a slope. However, we found that the results of the source fitting were relatively insensitive to these parameters. The position derived from the source fitting was compared with the result from SUSSEXtractor and a source candidate was rejected if the separation between the two positions was >3.6 ′′ or approximately 3 times the Herschel average pointing error. The second step in the quality control pipeline is to use the Gaussian fit from the SourceF itting task to constrain the FWHM of the candidate source. A candidate is again rejected if the measured FWHM falls outside the range, 0.75×PSF < FWHMGaussian < 2×PSF. These values are derived from the simulations presented in Marton et al. (2017) . These steps, summarised in Finally, the maps were visually inspected within the masked region for any sources that were lost due to the rather conservative mask. Rejecting candidates on the map edges, a total of 35 and 23 'lost' sources were added to produce the final confirmed source lists of 1384 sources in in the Green 100 µm band and 630 sources in the Red 160 µm band.
The source cleaning quality control pipeline is summarised in Table 2 .
Source List Photometry
Photometry is carried out on the final source list to provide definitive flux density values for the final catalogue. We use a dedicated processing script within the HIPE environment, developed by the PACS ICC for aperture photometry on an input target list. Source locations are given by our SUSSEXtractor positions. The photometry script requires both an image map and a coverage map, taking as input an aperture diameter (in arcsec) and inner and outer values for the background annulus. We assume aperture sets in between our test cases of the form [ selects the appropriate aperture correction for the pipeline calibration (PACS FM7 response calibration file), corresponding to 0.595 and 0.673 for the Green 100 µm and Red 160 µm bands respectively. The script also calculates realistic errors for the aperture photometry by laying down a series of apertures around but offset from the source position, as shown in Figure 3 . These aperture corrected flux densities and associated photometric errors are used to populate the final catalogue products. 
Final Catalogues
The final catalogues contain RA, Dec (J2000 epoch in decimal degrees) positional information, aperture corrected flux densities and associated photometric errors for 1384 sources in the PACS Green 100 µm band and 630 sources in the PACS Red 160µm band. The catalogues are publicly available via the CDS VizieR catalogue database 3 . In Tables 3 and 4 the first 10 entries for the PACS Green 100 µm band and PACS Red 160 µm band catalogues are shown respectively. 
Results
Comparison with HPPSC
We can compare our catalogues in the PACS Green 100 µm and Red 160 µm bands with the archival Herschel/PACS Point Source Catalogue (HPPSC, Marton et al. 2017) . Selecting sources from the HPPSC coincident with our NEP survey area, we find 984 sources and 360 sources in the PACS Green 100µm and Red 160 µm bands respectively. Therefore our new catalogues contain 400 and 270 more sources in the short and long wavelength bands. The new catalogues were cross-matched with the HPPSC in each band, assuming a search radius of 3.6 ′′ .
This resulted in a match for approximately 80% of the sources in each band. In Figure 4 , a comparison is made between the measured flux densities from our catalogue and the HPPSC. The fluxes show very good agreement between the Green band catalogues down to 20mJy with a small random scatter at fainter fluxes of the order of ±3 mJy. The Red band is also in reasonable agreement but with a larger scatter of order ±5 mJy. This scatter is due to the noise in the map measured in the apertures at this low flux density level and is consistent with the measured Poisson errors from the aperture photometry task. Figure 5 shows the number distribution histograms separately for each band, overlaid on the equivalent HPPSC histogram. It can be clearly seen that the new catalogue extends to much fainter fluxes, more than twice as deep, detecting a significant population of fainter sources compared to the HPPSC. Our new catalogues extend down to flux densities of ∼1.5mJy and 8mJy in the Green 100 µm and Red 160 µm bands respectively. Note that these flux densities are still significantly higher than the 5σ source confusion limits derived by Magnelli et al. (2013) in the PEP/GOODS field of 0.75mJy and 3.4mJy at 100µm and 160 µm. From Figure 5 , it can be seen that at brighter flux densities, our new catalogues appear to be missing sources when compared to the archive HPPSC. This is more significant in the PACS Red 160 µm band above 100mJy in the right-panel of Figure 5 . To investigate these bright sources not included in our catalogues, we have overlaid the brightest sources from the HPPSC catalogue on our image maps and investigated each source independently by eye. For the PACS Green 100µm band, there are 4 sources brighter than 50mJy that are not included in our catalogue. Of these, two appear to be bright artefacts on the map edges, another is a bright extended source (identified as 2MASX J17563982+664800, also observed by IRAS, extended at 12 ′′ at z = 0.089 Ashby et al. 1996 , Della Valle et al. 2006 ). The final source appears to be another artefact around the Cats Eye Nebula (NGC 6543). For the PACS Red 160 µm band, there are more than 20 sources brighter than 100mJy that are present in the HPPSC but not included in our catalogue. On visual inspection of the PACS Red 160µm band map, almost all of these sources appear to be artefacts caused by the proximity of the Cats Eye Nebula (shown in Figure 6 ) -61Jy at 100µm, as measured by IRAS (Moshir & et al. 1990 ) -or around the map edges. Note that the HPPSC source extraction is made on all maps in the archive and may unintentionally include early PACS observations of the Cats Eye Nebula itself (obsid 1342220097, 1342220098 on Operational Day 723). This explains the apparent discrepancy in the number of bright sources detected between the catalogues.
Comparison with AKARI NEP survey
The new PACS catalogues have also been cross-correlated with the AKARI mid-infrared catalogue of Murata et al. (2013) , over the NEP-Deep region in Figure 1 . Cross-matching with the AKARI-NEP catalogue using a matching radius of 2 ′′ , we find mid-infrared counterparts for almost all the PACS sources down to approximately 10mJy. At flux densities fainter than 10mJy, we find matches with more than 60% of the AKARI sources.
Galaxy Number Counts
In the left panel of Figure 7 , we plot the number histogram of detected sources over the survey area. The source counts are binned in flux; δlgS=0.1, for the PACS Green 100 µm and Red 160µm bands. The number distribution for the Green band peaks at 7mJy whilst the Red band peaks significantly brighter at ∼25mJy, reflecting the quality of the original maps. An estimation of the completeness of the PACS catalogues (fraction of sources missed as a function of flux density) is carried out by performing Monte Carlo simulations. For each PACS band, artificial sources are injected into the original maps modelled with the same PSFs defined in Section 3.1 for the original source extraction. These simulations were made as a function of flux density, creating simulated sources in flux density bins of log(f lux) = 0.1, from 300mJy to 1mJy. For each simulation, we injected 100 sources into the original image map and then attempted to recover the sources with SUSSEXtractor. Bright sources in the original maps were masked. Each simulation, at each flux density level, consisted of 100 iterations to ensure a statistically robust measure of the completeness of the source extraction. The completeness correction curves are shown in the right panel of Figure 7 . We find that for the PACS Green 100 µm band, the source counts are expected to be 80% complete at the 8mJy level, dropping to 50% at ∼6mJy. For the PACS Red 160 µm band, the 80% and 50% completeness levels are reached at 25mJy and 19mJy respectively. Note that blending and flux boosting effects are not thought to be significant given that our counts are well above the PACS 100µm and 160 µm confusion limits of 0.75mJy and 3.4mJy respectively (this is also confirmed by our completeness simulations).
In Figure 8 , the final source counts for both PACS bands are plotted as differential number counts (dN/dS S 2.5 ) against flux (S), normalised to a Euclidean universe (i.e. N(S) ∝ S −3/2 ).
The NEP PACS counts are compared with PACS observations from the PEP and H-ATLAS surveys Berta et al. 2011; Rigby et al. 2011) and at the brightest fluxes with the AKARI All-Sky Survey counts reported by Pearson et al. (2012) , at 90µm and 160µm (AKARI WIDE-S and N160 bands, Kawada et al. 2007 ). The NEP counts are in good agreement with PACS observations in other fields over a range of flux densities from 300mJy down to ∼10mJy. The faint end of the source counts is not as well constrained since at these levels the estimated completeness is below 50%.
Comparison with Models
In Figure 8 , we also compare our source counts with a revised galaxy evolution model that extends the evolutionary framework of Pearson & Khan (2009); Pearson et al. (2014b) . This evolutionary model uses the spectral libraries of Efstathiou et al. (2000) ; Efstathiou & Rowan-Robinson (2003) to model population components including normal quiescent galaxies, starforming galaxies (LIR < 10 11 L⊙), luminous (LIRG; 10 11 L⊙ < LIR < 10 12 L⊙) and ultra-luminous infrared galaxies (ULIRG;
LIR > 10 12 L⊙), via a backwards evolution framework, assuming evolution in both luminosity and number density with redshift (see Pearson & Khan (2009) for details). In the PACS Green 100 µm band, the evolutionary model predictions provide an extremely good fit to the majority of the observed counts, especially over the range in flux density where the evolution in the galaxy population becomes strongly apparent (S100µm <100mJy).
The models predict that the bulk of the evolutionary contribution to the peak of the source counts arises in the LIRG 10 11 L⊙ < LIR < 10 12 L⊙ population, at redshifts of 0.5<z<1, consistent with the results of deeper PACS surveys Magnelli et al. 2013 ). In the longer PACS Red 160 µm band, there is also a significant contribution from the more luminous ULIRGs (at z >1) at brighter fluxes of 50-100mJy. The bright end of the source counts in both PACS bands is dom- inated by cool quiescent galaxies. There is some evidence at bright 160 µm fluxes that the models may overestimate the counts, however, the H-ATLAS and AKARI observations are also not in particularly good agreement with each other either.
Using our evolutionary models, we can also estimate the contribution our PACS counts make to the CIRB. At the 50% completeness level we derive CIRB fractions of ∼50±5% and ∼60±10% in the PACS Green 100 µm and Red 160 µm bands respectively, compared to the COBE-DIRBE totals of Dole et al. (2006) , with the errors on the CIRB contribution derived from the deviation of our observations from the evolutionary model. These values are broadly consistent with the values derived from the PEP surveys of 58% and 74%, to fainter flux levels of 1.2mJy and 2 mJy respectively (Berta et al. 2011) . Fig. 6 . Overplotting the brightest sources >100mJy from our PACS Red 160 µm band catalogue (green circles) and the archival HPPSC (blue circles) on the Red 160 µm band map. The enormous bright extended source is the Cats Eye Nebula (NGC 6543) in the NEP field. It can be seen that the HPPSC includes many sources detected as artefacts around the nebula. This may be due to the fact that the HPPSC possibly includes earlier PACS observations centred on the nebula itself.
Summary
A careful re-reduction and analysis of the data from Herschel/PACS observations at the North Ecliptic Pole (NEP) has been used to produce new image maps in the PACS Green 100 µm and Red 160 µm bands. These new maps are found to be of superior quality to the current archival Level 2.5 and Level 3 products in the Herschel Science Archive. A large list of candidate sources derived from these maps was processed through a rigorous quality control and cleaning pipeline to produce final point source catalogues containing final robust, confirmed source lists of 1384 sources in the Green 100 µm band and 630 sources in the Red 160 µm band respectively. Comparing these new NEP PACS catalogues with the source lists covering the same area from the Herschel Science Archive HPPSC, we confirm that the new catalogues reach flux densities more than twice as deep (detecting 400 and 270 more sources in Green 100µm and Red 160µm bands respectively) and provide a more robust set of bright sources than the archival products. Galaxy source counts derived from the new catalogues are consistent with other PACS surveys over different regions of the sky, confirming the extreme evolution seen in the source counts at fluxes fainter than ∼100mJy. Our source counts are estimated to be 50% complete at the 6mJy and 19mJy level in the Green 100 µm and Red 160 µm bands respectively. Comparing our source counts with a model of galaxy evolution, we find that the bulk of the evolving galaxy population is most likely contributed by dusty star-forming galaxies with luminosities 10 11 L⊙ < LIR < 10 12 L⊙, i.e. LIRGs, consistent with the results of deeper PACS surveys, and contributing around 50-60% of the CIRB. The PACS catalogues at the NEP provide a vital intermediate wavelength ancillary data product, bridging the gap between the AKARI mid-infrared observations (Murata et al. 2014 ) and the longer wavelength sub-millimetre observations with Herschel-SPIRE (Pearson et al. 2017, Pearson et al. in prep.) and the JCMT-SCUBA-2 data (Geach et al. 2017) .
